The histogenesis of 3 types of rat renal cell tumors (basophilic cell, clear cell, and oncocytic) was stereologically analyzed, with particular attention paid to transitions from normal tubules. Early nitrosamine-induced preneoplastic lesions, including dysplastic tubules (altered tubules), epithelial hyperplasias, and small adenomas, were reconstructed using serially sectioned specimens processed for carbonic anhydrase type II (CA) and periodic acid-Schiff (PAS) (CA-PAS) double staining to allow easier distinction of the nephron segments: Proximal tubules had a PAS-positive brush border and were weakly positive for CA in the cytoplasm; distal tubules were PAS negative and weakly positive for CA; collecting ducts were PAS negative and strongly positive for CA. Similarly, cytochrome c oxidase (CytOx) and CytOx-PAS double staining was also applied to confirm the character of oncocytic lesions. All basophilic lesions (7 of 7) showed transition to proximal tubules. Clear cell lesions positive for CA, on the other hand, showed transition to distal tubules in 4 of 9 (44.4%) lesions and to collecting ducts in 4 of 9 (44.4%) lesions, but in only 1 of 9 (11%) to a proximal tubule. All oncocytic lesions (16 of 16), characterized by positivity for both CA and CytOx, showed transition to collecting ducts. The results indicate that the origins of renal cell neoplasia are proximal tubules for the basophilic cell lesions, either proximal or distal tubules for their clear cell counterparts, and collecting ducts for oncocytic lesions.
INTRODUCTION
Enzyme histochemical analysis of chemically induced renal cell tumors in rats has indicated clear alterations in phenotype expression (1, 8, 9, 23, 30, 32) similar to those observed for lesions in the liver (6, 11, 12, 16, 25, 32) and other organs (28, 31) . The histogenesis of experimentally induced renal tumors has been studied on the basis of characteristic features for enzyme-altered tubules considered to be early precursor lesions for renal cell tumors. For example, basophilic tubules with high glucose-6-phosphate dehydrogenase (G6PD) activity and decreased succinate dehydrogenase (SD) appear to arise from proximal tubules, whereas the oncocytic type exhibiting the opposite phenotype of low G6PD and high SD has been suggested to have a histogenesis independent from other segments, possibly collecting ducts (2, 9, 22, 36) . Similarly, clear cell tubules exhibiting decreases of G6PD and SD demonstrate transitional features reminiscent of collecting ducts (4, 22) . On the other hand, human clear cell carcinomas have been considered to originate from proximal tubules because of their morphologic and phenotypic similarities in terms of ultrastructural, enzyme histochemical, and immunohistochemical characteristics (27, 29, 34, 35) . Thus, results from studies of clear cell lesions in particular are controversial, with no consistency between human and rat studies. Furthermore, the only direct evidence of transition between tumors and normal nephron elements was from a study in which hematoxylin and eosin (H&E), periodic acid-Schiff (PAS), and Masson's trichrome staining were performed in the rat (7) (8) (9) .
The present report concerns histogenetic analysis of rat renal cell tumors based on the finding of direct structural transitions between precursor enzyme-altered lesions and normal tubules in stereologically reconstructed images. For this purpose, we used serial sections of kidney tissue stained with a newly developed combination of carbonic anhydrase type II (EC 4-2-1-1; CA) immunostaining and PAS staining (CA-PAS), allowing distinction of the 3 major nephron segments, the proximal tubules, the distal tubules, and the collecting ducts. CA was chosen as a marker of the lower nephron segment, especially collecting ducts, because of dense localization in the intercalated cells (26, 37) . Similarly, cytochrome c oxidase (CytOx) immunostaining was used for the differential recognition of oncocytic lesions (17, 19) , occasionally in combination with PAS staining (CytOx-PAS).
MATERIALS AND METHODS
Animals and Treatments. Groups of male 6-wk-old Fischer 344 (F344) and Sprague-Dawley rats (Charles River Japan, Inc., Atsugi, Japan) were administered 0.1 % Nethyl-N-hydroxyethylnitrosamine (EHEN) (Sakai Chemical Laboratories, Fukui, Japan) for 3 wk (5 rats) (18, 30, 32) and 0.07% N-nitrosomorpholine (NNM) (Nakalai Tesque, Inc., Kyoto, Japan), respectively, mixed in their drinking water for 10 wk (5 rats) (9) and were then returned to tap water. They were then placed on basal diet (Oriental MF, Oriental Yeast Co., Ltd., Tokyo, Japan) throughout the experimental period. Animals were sacrificed 30 wk after the commencement of carcinogen application. Resected kidneys were cut into 3.5to 4-mmthick slices along the long axis with a razor blade, fixed in ice-cold acetone for 4 wk, and then routinely processed for paraffin embedding.
Histological Preparations and Stereological Reconstruction. Paraffin-embedded kidneys, including adenomas with transition to epithelial hyperplasias and altered tubules (lesions), were serially cross-sectioned at 2.5-J.Lm thickness from the cortical region to the medulla to obtain cross sections of nephron tubules. For the diagnosis of microscopic tumors, every tenth serial section was stained with H&E.
For kidneys with epithelial hyperplasias and adenomas, the majority of the remaining unstained serial sections were processed for CA-PAS staining to facilitate recognition of oncocytic lesions and collecting ducts (26) . CytOx-PAS staining was also performed on some sections to confirm the presence of early oncocytic lesions (23, 36) . Immunostaining for CA was achieved with a rabbit polyclonal antibody against human erythrocyte carbonic anhydrase type II (The Binding Site Ltd., Birmingham, England) at a dilution of 1:2,000 and for CytOx (19) at a dilution of 1:2,500 in both cases using the avidin-biotin-peroxidase complex method ( [13] ; Vec-tor Laboratories, Inc., Burlingame, CA, USA). The chromagen was 3,3-diaminobenzidine (Sigma-Aldrich, Tokyo, Japan). The antiserum against rat liver CytOx was raised in rabbits as described previously (17) . The immunostaining was followed by PAS staining with limited bleaching of the benzidine color reaction. Immunostain- ing was performed using nonimmunized serum as a control.
Stereological Reconstruction of Lesions. Stereological reconstruction was performed using serially sectioned specimens processed for CA-PAS double staining with the assistance of a three-dimensional computer graphics analysis system ([14] TRI Ratoc System Engineering Co., Ltd., Tokyo, Japan). Criteria for the diagnosis of epithelial hyperplasias and adenomas were selected as previously described (20) . Seven basophilic cell, 9 clear iifferent cell types. Lesions exhibiting a clear continuity :o normal tubules only at both lesion ends were included in Table II . Adjacent normal tubules were also reconstructed for lesion orientation and comparison of structures.
RESULTS histological and Histochemical Characteristics
Basophilic and clear cell lesions were observed in all animals of EHEN-and NNM-treated groups. However, oncocytic lesions were preferentially found in NNMtreated Sprague-Dawley rats. Typical H&E-stained microscopic appearances of 3 different lesions (basophilic, clear, and oncocytic lesions) are shown in Figure 1 A, B , and C, respectively.
CA-PAS and CytOx-PAS Double Staining
In the normal kidney, proximal tubules were positive for PAS in the brush border, but only weakly positive for CA and negative for CytOx in the cytoplasm. Distal tubules were determined to be negative for PAS because of the lack of a brush border, weakly positive for CA, and moderately positive for CytOx in the cytoplasm. Collecting ducts were negative for PAS as were the distal tubules, but strongly positive for CA in the cytoplasm, especially in intercalated cells (dark brown) (Fig. 2 ), and positive for CytOx but with a variable intensity (Figs. 3 and 4 and Table I ).
In the basophilic cell dysplastic tubules and epithelial hyperplasias, a PAS-positive brush border-like structure was observed at the luminal surface as in proximal tubules. The cytoplasm was negative to weakly positive for CA ( Fig. 5B ) and completely negative for CytOx (not shown). Clear cell-type lesions were determined to be negative for apical PAS staining because of the lack of a brush border-like structure (Figs. 6B and 7B). They were positive for CA but not for CytOx (not shown). In contrast, oncocytic lesions were entirely negative for PAS and positive for both CA (Fig.8B) and CytOx ( Fig. 4 and Table II ).
Stereological Reconstruction of Lesions
All of the basophilic lesions examined (7 of 7), including 4 epithelial hyperplasias and 3 adenomas, were found stereologically to show transitions to dysplastic (altered) tubules and proximal tubules. Two adenomas demonstrated continuity, with epithelial hyperplasias in which some epithelial cells had a PAS-positive brush bordei ( Fig. 5 ). Of the CA-positive, CytOx-negative clear cell lesions, 4 (44.4%) showed transition to weakly positive-CA and CytOx-positive distal tubules and 4 (44.4%; showed transition to CA-and CytOx-positive collecting ducts (Figs. 6 and 7) . Only 1 of 9 lesions ( 11.1 %) showec a proximal tubule connection (not shown). All the oncocytic lesions (16 of 16), characterized by clearly positive reactions for CA and CytOx, were found to shom continuity to CAand CytOx-positive collecting duct; (Fig. 8 and Table II) . 7. -A) Another clear cell epithelial hyperplasia (green), adjacent to collecting ducts (red) and distal tubules (light green). B) CA-PAS double staining sectioned at line 1. A clear cell dysplastic tubule (arrow) shows transition to a collecting duct that is strongly positive for CA. C) The same lesion sectioned at line 2. The clear cell epithelial hyperplasia is moderately positive for CA. X 50.
DISCUSSION
It has been well established that PAS staining and y-;lutamyltranspeptidase or alkaline phosphatase enzyme ictivity are useful markers for proximal tubules because )f the clear positive reactions shown by brush border ;tructures (8, 32, 33) . For the distinction of distal tubules md collecting ducts, only a few lectin species have hith--rto been applied in humans (15, 24, 27) .
However, from the present findings, the use of im-:nunohistochemical analysis for CA or CytOx, combined with PAS, appears to have great potential for distinction of nephron tubules. A detailed explanation of the CA-PAS double staining approach is therefore warranted. With simple CA immunostaining, collecting ducts demonstrate intense binding (dark brown), and the proximal and distal tubules show moderate-to-light staining, which becomes slightly bleached during the PAS procedure, resulting in a clear contrast between collecting ducts and the other tubules. Similarly, CytOx, the final enzyme of the mitochondrial respiratory chain (17, 21) , is also clearly positive in distal tubules and collecting ducts but not in the proximal tubules. Thus, differential demonstration of 3 major tubular segments (the proximal tubules, distal tubules, and collecting ducts) can easily be made. This is the first demonstration of strongly positive staining for CA in clear cell and oncocytic lesions in rats, itself providing some evidence of a histogenetic origin from collecting ducts. This parameter is more practical than staining for other enzymes such as G6PD, SD, and some glutathione S-transferase species (l, 7, 30, 33) , because it facilitates tracing for direct structural continuity related to the continuous presence of the enzyme expression from lesions to normal tubules in conventional paraffin-embedded materials.
In line with earlier reports regarding the histogenesis of nitrosamine-induced tumors in the rat (9, 30, 32) , basophilic lesions showed structural continuity to proximal tubules. The present findings are partly in agreement with descriptions of clear cell lesions showing continuity with collecting ducts (4, 22) . However, our observations also reveal that the same type of lesion may also arise from other segments, approximately half associated with distal tubules. In humans, the use of nephron segment-specific proteins and lectins and electron microscopic studies of tubules and tumor tissue suggests a histogenesis of clear cell carcinomas preferentially from proximal tubules (5, 10, 15, 27, 34) . Thus, a certain degree of species variation may exist with regard to the particular segment of the nephron at greatest risk of alteration to precursor enzyme-altered tubules storing glycogen in excess (2, 3, 9) .
On the other hand, the fact that all the oncocytic lesions in our study showed structural continuity with collecting ducts is directly in line with the histogenesis recently proposed from comparisons of enzyme histochemical characteristics (2, (22) (23) (24) 36) .
In conclusion, based on our findings using direct stereological reconstruction of dysplastic tubules, epithelial hyperplasia, and adenoma lesions, we conclude that basophilic tumors arise from proximal tubules, oncocytic 3) An oncocytic cell was found in the CA-positive collecting duct at ine 1 (arrow). X40. C) The lesion was confirmed to be an oncocytic esion positive for CA at line 2. X50. lesions from collecting ducts, and clear cell lesions mainly from distal tubules and collecting ducts.
ACKNOWLEDGMENTS
This work was supported in part by a Grant-in-Aid for the Second Term Comprehensive 10-Year Strategy for Cancer Control from the Ministry of Health and Welfare in Japan, by a Grant-in-Aid for Cancer Research from the Ministry of Health and Welfare in Japan, and by a Grantin-Aid from the Ministry of Education, Science, Sports and Culture of Japan. Y. Iwahori and T. Hori were recipients of Research Fellowships from the Foundation for Promotion of Cancer Research, Japan, during the period when this research was performed.
